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Introduction 
 
Oncolytic replication-selective adenoviruses are a new class of anticancer agents with 

great therapeutic potential.  The selective replication of the viruses in cancer cells amplifies the 
initial viral inoculum, leading to destruction of the infected cells by virus-mediated lysis.  The 
viral progeny are thereby released and can spread through the tumor mass to infect neighboring 
cancer cells, resulting in self-perpetuating cycles of infection, replication and oncolysis.  In 
recognition of their potential, replication-selective adenoviruses have been rapidly translated 
into human clinical trials in patients with advanced cancer, where the safety of these agents has 
been demonstrated.  However, clinical studies of replicating adenoviruses have yielded 
disappointing results, indicating the need for new approaches to improve their efficacy.  The 
ability of replication-selective viruses to amplify the initial viral dose has previously been 
exploited by engineering “armed” oncolytic adenoviruses designed to carry therapeutic genes 
that will augment the virus-mediated eradication of the primary tumor mass.   
 

Prostate cancer most commonly metastasizes to the skeleton, causing significant 
morbidity, including intractable pain, pathological fractures and nerve compression.  Bone 
metastases of prostate cancer are predominantly bone-forming or osteoblastic.  However, it is 
becoming increasingly apparent that bone metastases of prostate cancer have an extensive 
bone resorptive component mediated by osteoclasts: resorption of the bone matrix provides 
space for the prostate cancer cells to occupy.  The differentiation and activation of osteoclasts is 
regulated by RANKL (receptor activator of NF-kappaB ligand), a membrane-bound cytokine 
expressed in osteoblasts/stromal cells, which binds to RANK, a cell-surface protein present on 
osteoclast precursor cells.  The biological activity of RANKL is abrogated by binding to the 
“decoy receptor” osteoprotegerin (OPG), which is also secreted by osteoblast lineage cells.  
Previous studies have shown that both recombinant OPG and a recombinant soluble RANK-Fc 
fusion protein can block the binding of RANKL to RANK, and consequently diminish prostate 
cancer progression in bone. 

 
In this Exploration – Hypothesis Development Award, we hypothesize that the efficacy of 

a replicating adenovirus for the treatment of bone metastases of prostate cancer could be 
enhanced by arming it with a therapeutic protein, which will block osteoclastic bone resorption 
and hence inhibit bone remodeling.  Thus, the objective of this proposal is to generate a dual-
action armed replicating adenovirus, which will both directly kill metastatic prostate cancer cells 
by oncolysis and will also secrete the therapeutic protein into the microenvironment of the bone, 
thereby inhibiting osteoclastic bone resorption.  This therefore represents a two-pronged 
approach to the reduction of the bone tumor burden. 
 

Of the two candidate RANKL-binding therapeutic proteins, we originally proposed to arm 
the replicating adenovirus with sRANK-Fc, because OPG has been demonstrated to bind the 
receptor TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) and block TRAIL-
mediated apoptosis in cancer cells.  In contrast, sRANK-Fc is able to bind RANKL but cannot 
bind TRAIL.  However, the lack of a commercially available anti-RANK antibody which could 
reliably detect the expressed protein was considered to present an obstacle to the project.  It 
was later reported that the TRAIL-binding activity of OPG resides in the C-terminal domains, 
and that the four N-terminal cysteine-rich domains are sufficient to bind RANKL and inhibit 
osteoclastogenesis.  Hence, the dual-action armed replicating adenovirus is designed to 
express the four cysteine-rich domains of human OPG fused to the Fc domain of human IgG1 to 
prolong its half-life. 
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Body 
 

Task 1. Derivation of an armed replicating adenovirus expressing sOPG-Fc, and 
control viruses: 

a. Construction of viruses. 
b. Validation of viruses. 
c. Propagation of viruses. 
 

The first task was to construct an armed replicating adenovirus expressing the four 
cysteine-rich domains of human OPG fused with the Fc domain of human IgG1 to prolong its 
half-life, as previously reported [1].  Selective replication of this oncolytic virus in prostate cancer 
cells was conferred by engineering a 24-base pair deletion into the E1A gene.  This mutation 
renders the E1A protein unable to bind and inactivate the retinoblastoma tumor suppressor/cell 
cycle regulator protein, Rb, and therefore precludes efficient viral replication in cells with an 
intact G1-S phase checkpoint (i.e., non-neoplastic or “normal” cells) [2].  A number of studies 
have shown that primary cancer cells express low levels of the coxsackievirus and adenovirus 
receptor, CAR, and are poorly infected by adenoviruses.  Hence, the RGD-4C peptide was 
incorporated into the HI loop of the fiber knob to allow enhanced infectivity via a CAR-
independent pathway.  We chose to exploit the endogenous adenovirus E3 region gene 
expression control signals (promoter, splicing and polyadenylation signals) to express the OPG-
Fc gene from the E3B region of the genome.  The E3B region encodes three proteins which 
protect infected cells from lysis and consequently are redundant in oncolytic adenoviruses: this 
region can therefore be substituted with transgenes, as previously reported [3, 4].  This strategy 
has the advantage of retaining the E3-11.6K protein, the so-called adenovirus death protein, 
which is responsible for the efficient lysis and release of progeny virus from infected cells [5].   

 
AdΔ24-OPG-RGD, the tropism-modified, armed replication-selective adenovirus 

expressing sOPG-Fc was constructed by homologous recombination in E. coli.  Table 1 defines 
the panel of adenoviruses to serve as controls in subsequent experiments.  Adwt300 was 
purchased from the American Type Culture Collection; AdΔ24-RGD, AdΔ24 and Ad-OPG-RGD 
were already available in our laboratory; AdΔ24-OPG and Ad-RGD were constructed for this 
study by homologous recombination in E. coli.   

 
Table 1.  Adenoviruses employed in this study. 

Virus name Characteristics 

AdΔ24-OPG-RGD Tropism-modified, armed replication-selective adenovirus expressing 
sOPG-Fc 

AdΔ24-OPG Armed replication-selective adenovirus expressing sOPG-Fc (native 
tropism) 

AdΔ24-RGD Tropism-modified, unarmed replication-selective adenovirus with intact 
E3B region 

AdΔ24 Unarmed replication-selective adenovirus with intact E3B region (native 
tropism) 

Ad-RGD Tropism-modified, unarmed replication-competent adenovirus 

Adwt300 Unarmed replication-competent adenovirus  

Ad-OPG-RGD Tropism-modified, replication-defective adenoviral vector expressing 
sOPG-Fc 
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Having constructed the armed replication-selective adenoviruses, we wished to confirm 
that sOPG-Fc was expressed by AdΔ24-OPG-RGD and AdΔ24-OPG.  To this end, monolayers 
of C4-2B prostate cancer cells were infected with AdΔ24-OPG-RGD or AdΔ24-OPG and the 
culture medium harvested at 4, 8, 12, 24, 36, 48 and 60 hours post-infection.  Expression and 
secretion of sOPG-Fc were confirmed by immunoblot analysis using an anti-OPG antibody 
(Fig. 1).   

 

 
 

36 48 60 2412 8 4 hrs P.I. 

36 48 60 2412 8 4 hrs P.I. 

AdΔ24-OPG-RGD 

AdΔ24-OPG 

Fig. 1.  Expression of sOPG-Fc.  C4-2B cells were infected with AdΔ24-OPG-RGD or AdΔ24-
OPG.  At the indicated times post-infection, conditioned media were subjected to immunoblot 
analysis using an anti-OPG antibody. 

 
 
Task 2. Evaluation of the efficacy of the armed replicating adenovirus in vitro: 
b. Perform in vitro experiments to determine expression of sOPG-Fc. 
 

We then wished to determine whether the sOPG-Fc gene was expressed by AdΔ24-
OPG-RGD and AdΔ24-OPG in a similar temporal manner to the E3B genes which it replaced 
(14.7K and RIDβ).  Monolayers of C4-2B prostate cancer cells were infected with AdΔ24-OPG-
RGD, AdΔ24-OPG or Adwt300, the parental wild-type virus.  Cells were harvested at 4, 8, 12, 
24, 36, 48 and 60 hours post-infection.  Total cellular RNA was extracted and subjected to 
quantitative reverse transcriptase polymerase chain reaction (RT-PCR) using primers specific 
for the sOPG-Fc, 14.7K and RIDβ genes.   As shown in Figs. 2A and 2B, the expression of 
sOPG-Fc mimics the temporal pattern of the substituted native E3B proteins. 
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Fig. 2.  Expression of sOPG-Fc mimics the temporal pattern of the substituted native E3B 
proteins.  C4-2B cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG or Adwt300.  At the 
indicated times post-infection, total cellular RNA was extracted and subjected to quantitative RT-
PCR using primers specific for the sOPG-Fc, 14.7K and RIDβ genes.    
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We next wished to demonstrate that expression of the sOPG-Fc gene by AdΔ24-OPG-
RGD and AdΔ24-OPG did not have an adverse effect on expression of the remaining E3 genes, 
which encode the gp19K protein and adenovirus death protein (ADP).  Monolayers of C4-2B 
prostate cancer cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG or Adwt300, the 
parental wild-type virus.  Cells were harvested at 4, 8, 12, 24, 36, 48 and 60 hours post-
infection.  Total cellular RNA was extracted and subjected to quantitative RT-PCR using primers 
specific for the sOPG-Fc, gp19K and ADP genes.   As shown in Figs. 3A and 3B, the 
expression of sOPG-Fc by AdΔ24-OPG-RGD and AdΔ24-OPG does not block expression of the 
remaining native E3 proteins. 
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Fig. 3.  Expression of sOPG-Fc does not inhibit expression of remaining E3 proteins.  C4-2B 
cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG or Adwt300.  At the indicated times post-
infection, total cellular RNA was extracted and subjected to quantitative RT-PCR using primers 
specific for the sOPG-Fc, gp19K and ADP genes.   
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Task 2. Evaluation of the efficacy of the armed replicating adenovirus in vitro: 
a. Perform in vitro experiments to determine oncolytic potency. 
 

We wished to confirm that expression of sOPG-Fc does not inhibit the replication of the 
armed replicating adenoviruses.  Monolayers of C4-2B prostate cancer cells were infected with 
the armed replication-selective adenoviruses (AdΔ24-OPG-RGD and AdΔ24-OPG), the 
unarmed replication-selective adenoviruses with intact E3B regions (AdΔ24-RGD and AdΔ24) 
the unarmed replication-competent adenoviruses (AdRGD and Adwt300) or the replication-
defective adenoviral vector expressing sOPG-Fc (Ad-OPG-RGD).  The conditioned culture 
medium was harvested at 2, 4 and 6 days post-infection.  DNA was extracted and subjected to 
PCR using primers specific for the E4 region of the adenoviral genome, as a measure of viral 
DNA replication.  Human beta-actin DNA was also amplified to allow normalization of the data.  
As shown in Fig 4, the expression of sOPG-Fc does not inhibit the replication of the armed 
replicating adenoviruses.   
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Fig. 4.  Expression of sOPG-Fc does not inhibit adenoviral replication.  C4-2B cells were 
infected with AdΔ24-OPG-RGD, AdΔ24-OPG and the control adenoviruses.  At the indicated times 
post-infection, DNA was extracted from the conditioned medium and subjected to quantitative PCR 
using primers specific for the E4 region of the adenoviral genome.  Human beta-actin DNA was 
also amplified to allow normalization of the data.    

 
Having shown that expression of sOPG-Fc did not inhibit adenoviral DNA replication in 

C4-2B prostate cancer cells, we wished to confirm that neither did it affect the selectivity of 
adenoviral replication conferred by the 24-base pair deletion in the E1A gene.  This mutation 
renders the E1A protein unable to bind and inactivate the retinoblastoma tumor suppressor/cell 
cycle regulator protein, Rb, and therefore precludes efficient viral replication in cells with an 
intact G1-S phase checkpoint (i.e., non-neoplastic or “normal” cells).  Human liver slices were 
infected with the armed replication-selective adenoviruses (AdΔ24-OPG-RGD and AdΔ24-OPG) 
or Adwt300, the parental wild-type virus.  The conditioned culture medium was harvested at 2 
and 4 days post-infection.  DNA was extracted and subjected to PCR using primers specific for 
the E4 region of the adenoviral genome, as a measure of viral DNA replication.  Human beta-
actin DNA was also amplified to allow normalization of the data.  As shown in Fig 5, AdΔ24-
OPG-RGD and AdΔ24-OPG did not significantly replicate in the liver cells.  Hence, the 
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expression of sOPG-Fc does not affect the selectivity of replication of the armed replicating 
adenoviruses.   
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Fig. 5.  Replication-selective adenoviruses armed with sOPG-Fc do not replicate in human 
liver cells.  Human liver slices were infected with AdΔ24-OPG-RGD, AdΔ24-OPG or Adwt300.  At 
the indicated times post-infection, DNA was extracted from the conditioned medium and subjected 
to quantitative PCR using primers specific for the E4 region of the adenoviral genome.  Human 
beta-actin DNA was also amplified to allow normalization of the data.    

 
 

We performed both qualitative and quantitative assays to confirm that expression of 
sOPG-Fc does not inhibit the oncolytic potency of the replicating adenovirus.  Monolayers of 
C4-2B, LNCaP and PC3 prostate cancer cells were infected with the armed replication-selective 
adenoviruses (AdΔ24-OPG-RGD and AdΔ24-OPG), the unarmed replication-selective 
adenoviruses with intact E3B regions (AdΔ24-RGD and AdΔ24) and the unarmed replication-
competent adenoviruses (AdRGD and Adwt300).  In the qualitative assay, eight days post-
infection, the cells were fixed and stained with crystal violet to visualize intact cells.  In the 
quantitative assay, eight days post-infection, a commercial cell proliferation assay was 
employed to measure cell survival. As shown in Figs. 6 and 7, expression of sOPG-Fc does not 
inhibit the oncolytic potency of the replicating adenoviruses.   
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Fig. 6.  Expression of sOPG-Fc does not inhibit oncolytic potency of the armed replicating 
adenoviruses.  C4-2B, LNCaP and PC3 cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG 
and the control adenoviruses.  Eight days post-infection, viable cells were fixed and stained with 
crystal violet. 
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Fig. 7.  Expression of sOPG-Fc does not inhibit oncolytic potency of the armed replicating 
adenoviruses.  C4-2B cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG and the control 
adenoviruses at the indicated multiplicities of infection.  Eight days post-infection, viable cells were 
counted using a cell proliferation assay. 
 

 
We next wished to confirm that the armed replicating adenovirus can simultaneously 

eradicate prostate cancer cells by oncolysis and inhibit osteoclast formation.  This analysis 
employed an in vitro osteoclast formation assay, in which bone marrow stromal cells are 
cocultured with osteoclast precursor cells.  C4-2B prostate cancer cells were grown as 
monolayers on 10-mm cell culture inserts with 0.4 μm pores in 24-well plates.  The C4-2B cells 
were infected with the armed replication-selective adenoviruses (AdΔ24-OPG-RGD and AdΔ24-
OPG), the unarmed replication-selective adenoviruses with intact E3B regions (AdΔ24-RGD and 
AdΔ24) and the replication-defective adenoviral vector expressing sOPG-Fc (Ad-OPG-RGD).  
Twenty-four hour post-infection, the inserts carrying the C4-2B cells were transferred to wells of 
24-well plates containing cocultures of 1 x 105 murine osteoclast precursors and 1 x 104 murine 
bone marrow stromal cells.  The porous inserts allowed OPG secreted by the C4-2B cells to 
diffuse throughout the medium in the wells.  The cocultures were incubated for 10 days and 
then the culture medium was employed in an ELISA to detect the osteoclast marker, tartrate-
resistant acid phosphatase (TRAP).  C4-2B cells were fixed and stained with crystal violet. 

 
As shown in Fig. 8, the armed replication-selective adenoviruses (AdΔ24-OPG-RGD and 

AdΔ24-OPG) inhibited the formation of osteoclasts in the coculture assays, with the tropism-
modified, armed replicating adenovirus (AdΔ24-OPG-RGD) showing the greatest inhibition of 
osteoclast formation.  Uninfected C4-2B cells or cells infected with the unarmed replication-
selective adenoviruses with intact E3B regions (AdΔ24-RGD and AdΔ24) did not inhibit 
osteoclast formation.  In addition, as shown in Fig. 9, C4-2B cells infected with the armed 
replication-selective adenoviruses (AdΔ24-OPG-RGD and AdΔ24-OPG) and the unarmed 
replication-selective adenoviruses with intact E3B regions (AdΔ24-RGD and AdΔ24) were killed 
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by oncolysis.  Thus, this experiment showed that the tropism-modified, armed replicating 
adenovirus can eradicate prostate cancer cells by oncolysis and simultaneously inhibit the 
formation of osteoclasts. 
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Fig. 8.  Infection of prostate cancer cells by armed replicating adenovirus inhibits osteoclast 
formation.  C4-2B prostate cancer cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG and 
the control adenoviruses and grown in wells containing a coculture of murine bone marrow stromal 
cells and osteoclast precursor cells.  Ten days post-infection, expression of the osteoclast marker 
enzyme TRAP was determined in an ELISA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9.  Armed replicating adenoviruses eradicate prostate cancer cells in coculture.  C4-2B 
prostate cancer cells were infected with AdΔ24-OPG-RGD, AdΔ24-OPG and the control 
adenoviruses and grown in wells containing a coculture of murine bone marrow stromal cells and 
osteoclast precursor cells.  Ten days post-infection, viable cells were fixed and stained with crystal 
violet. 

 
Task 3. Evaluation of the efficacy of the armed replicating adenovirus in vivo: 
We are now initiating experiments to evaluate the efficacy of the armed replicating adenovirus in 
a murine model of bone metastases of prostate cancer. 
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Key Research Accomplishments 
 

• Construction of armed replication-selective adenoviruses expressing N-terminal cysteine-
rich domains of human OPG fused with the Fc domain of human IgG (sOPG-Fc). 

• Demonstration that the sOPG-Fc gene is expressed by the armed replication-selective 
adenoviruses in a similar temporal manner to the E3B genes which it replaced. 

• Demonstration that expression of sOPG-Fc by the armed replication-selective adenoviruses 
does not negatively influence the expression of the remaining E3 genes. 

• Demonstration that expression of sOPG-Fc by the armed replication-selective adenoviruses 
does not significantly affect the replication of adenoviral DNA. 

• Demonstration that the armed replication-selective adenoviruses replicate in human prostate 
cancer cells but not in human liver cells. 

• Demonstration that expression of sOPG-Fc does significantly affect the oncolytic potency of 
the armed replication-selective adenoviruses in human prostate cancer cells.  

• Demonstration that armed replicating adenovirus can simultaneously eradicate prostate 
cancer cells by oncolysis and inhibit osteoclast formation  
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Reportable Outcomes 
 

Manuscripts in press (see appendices): 
 
1. Douglas JT (2006).  Adenoviral vectors for gene therapy.  Mol Biotechnol. 
2. Kim M, Bodenstine TM, Sumerel LA, Rivera AA, Baker AH and Douglas JT (2006).  

Tissue inhibitor of metalloproteinases-2 improves antitumor efficacy of a replicating 
adenovirus in vivo.  Cancer Biol Ther 5: 1647-1653. 
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Conclusions 
 

We have performed preliminary experiments to explore the hypothesis that the efficacy 
of a replicating adenovirus for the treatment of bone metastases of prostate cancer could be 
enhanced by arming it with sOPG-Fc which will block osteoclastic bone resorption and hence 
inhibit bone remodeling.   

 
We first constructed armed replication-selective adenoviruses expressing sOPG-Fc.  We 

confirmed that the sOPG-Fc gene is expressed in a similar temporal manner to the E3B genes 
which it replaced (14.7K and RIDβ), and that the remaining E3 genes, in particular the ADP 
gene, continue to be expressed.  It is important that expression of sOPG-Fc should not impair 
the selectivity or oncolytic potency of the armed replication-selective adenovirus.  Hence, we 
performed in vitro studies to confirm these two key indicators of the efficacy of the novel 
therapeutic agent.  We have confirmed that the armed replicating adenovirus can 
simultaneously eradicate prostate cancer cells by oncolysis and inhibit osteoclast formation in 
vitro.  We are now initiating experiments to evaluate the efficacy of the armed replicating 
adenovirus in a murine model of bone metastases of prostate cancer. 
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7 Abstract Vectors are based on human adenovirus

8 serotypes 2 (Ad2) and 5 (Ad5) of species C possess a

9 number of features that have favored their widespread

10 employment for gene delivery both in vitro and in vivo.

11 However, the use of recombinant Ad2- and Ad5-based

12 vectors for gene therapy also suffers from a number of

13 disadvantages. These vectors possess the tropism of the

14 parental viruses, which infect all cells that possess the

15 appropriate surface receptors, precluding the targeting of

16 specific cell types. Conversely, some cell types that

17 represent important targets for gene transfer express only

18 low levels of the cellular receptors, which lead to ineffi-

19 cient infection. Another major disadvantage of Ad2- and

20 Ad5-based vectors in vivo is the elicitation of both an

21 innate and an acquired immune response. Considerable

22 attention has therefore been focused on strategies to over-

23 come these limitations, thereby permitting the full potential

24 of adenoviral vectors to be realized.

25

26 Introduction

27 Adenoviruses, which were first isolated from human ade-

28 noid tissue in the 1950s, have been developed as gene

29 delivery vehicles, or vectors, since the early 1980s [1]. The

30 adenoviruses constitute the Adenoviridae family, which

31was originally divided into two genera: the Aviadenovirus

32genus, which infects only birds; and the Mastadenovirus

33genus, which contains viruses that infect a range of

34mammalian species. In 2002, two additional genera were

35created: Atadenovirus, so-named because the genome of

36the first recognized members of the genus (from ruminant,

37avian and marsupial hosts) has an unusually high adenine

38and thymine content; and Siadenovirus, whose name de-

39rives from the putative sialidase homolog possessed by

40members of the genus [2]. Adenoviruses that infect humans

41are classified into six species (designated A–F), based on

42the percentage of guanine and cytosine in the DNA mol-

43ecules and the ability to agglutinate red blood cells. Human

44adenoviruses are further subdivided into more than fifty

45serotypes (designated by Arabic numerals), primarily on

46the basis of neutralization assays (reviewed in ref. [3]).

47The majority of recombinant adenoviral vectors are

48based on human adenovirus serotypes 2 (Ad2) and 5 (Ad5)

49of species C. These serotypes cause a mild respiratory

50disease in humans and are non-oncogenic. These safety

51features, coupled with the fact that adenovirus-based

52vaccines have been administered to humans without ill

53effects, have favored the development of adenoviral

54vectors for in vivo gene therapy applications [4]. The

55safety of recombinant adenoviral vectors is also enhanced

56by deletion of the E1 region of the genome, which renders

57the vectors replication-deficient and capable of propagation

58only in specially designed complementing cell lines. Other

59advantages of recombinant adenoviral vectors derived

60from human serotypes 2 and 5 include the ability of the

61vectors to be purified to high titers (up to 1013 virus

62particles per ml], which means that it is practical to employ

63them in vivo. Adenoviral vectors also possess the impor-

64tant attribute of stability in the bloodstream, which means

65that they can potentially be employed for gene delivery
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66 following intravenous administration. Adenoviruses can

67 infect both dividing and postmitotic cells, and have

68 evolved an extremely efficient mechanism for delivery of

69 their genome to the nucleus. The genome remains extra-

70 chromosomal, which minimizes the risk of insertional

71 mutagenesis. So-called ‘‘first generation’’ E1-deleted Ad2

72 and Ad5 vectors can accommodate up to 7.5 kb of foreign

73 DNA, and the capacity of the vectors can be expanded by

74 additional deletions of the viral genes. These characteris-

75 tics of Ad2 and Ad5 vectors have spawned considerable

76 interest in their exploitation as gene delivery vehicles,

77 which, in turn, has led to the development of a range of

78 techniques by which their genomes can be manipulated and

79 recombinant vectors generated with relative ease.

80 However, the use of recombinant Ad2- and Ad5-based

81 vectors for gene therapy also suffers from a number of

82 disadvantages. These vectors possess the tropism of the

83 parental viruses, which infect all cells that possess the

84 appropriate surface receptors, precluding the targeting of

85 specific cell types. Conversely, some cell types that rep-

86 resent important targets for gene transfer express only low

87 levels of the cellular receptors, which lead to inefficient

88 infection. Another major disadvantage of Ad2- and Ad5-

89 based vectors in vivo is the elicitation of both an innate and

90 an acquired immune response. Considerable attention has

91 therefore been focused on strategies to overcome these

92 limitations, thereby permitting the full potential of adeno-

93 viral vectors to be realized.

94 This article will review the biology of adenoviruses and

95 adenoviral vectors, discuss the applications of adenovirus-

96 mediated gene delivery, and describe the strategies that are

97 being developed to improve the utility of adenoviral vectors.

98 Structure of adenoviruses

99 Capsid structure

100 Adenoviruses possess a nonenveloped icosahedral protein

101 shell or capsid of 70–100 nm in diameter surrounding an

102 inner DNA-containing core (ref. [3) and references therein).

103 The 20 facets of the capsid are comprised of 12 copies of the

104 trimeric hexon protein, which is the most abundant com-

105 ponent of the virion and performs a structural role. Each

106 vertex of the capsid is composed of a pentameric penton

107 base protein in association with a trimeric fiber protein that

108 projects from the viral surface and ends with a globular knob

109 domain. The fiber and penton base both play important roles

110 in the initial steps of the virus-cell interaction during

111 infection. A number of minor polypeptides are involved in

112 stabilization of the capsid, while two additional polypeptides

113 bridge between the capsid and core components of the vir-

114 ion. The capsid structure is depicted schematically in Fig. 1.

115Genome organization

116The core of the adenoviral particle contains the viral gen-

117ome, a linear, double-stranded DNA molecule approxi-

118mately 36 kb in length (ref. [3] and references therein). The

119genome is highly condensed and associated with two basic

120proteins that organize the DNA into a nucleosome-like

121structure. The cis-acting origins of replication of the viral

122DNA are located in the first 50 base pairs (bp) of the

123100- to 140-bp inverted terminal repeat sequences (ITRs)

124located at each end of the genome. The ITRs play an

125important role in replication of the DNA. A terminal pro-

126tein is covalently attached to each of the 5¢ termini of the

127DNA and serves as a primer for DNA replication. The left

128end of the genome also includes a cis-acting packaging

129signal that directs the interaction of the viral DNA with its

130encapsidating proteins.

131The adenoviral genome is shown schematically in

132Fig. 2. By convention, it is drawn with the immediate early

133transcription unit (E1A) at the left end, adjacent to the

Fig. 1 Schematic diagram of Ad5 virion. The double-stranded DNA

genome is packaged within an icosahedral protein capsid. The major

structural protein of the capsid is the hexon. Penton capsomers,

formed by association of the penton base and fiber, are localized at

each of the twelve vertices of the Adenoviral capsid

Fig. 2 Schematic diagram of the structure of the Ad5 genome. The

Ad5 genome is approximately 36 kb long, divided into 100 map

units. The direction of transcription is indicated by arrows. Closed

arrows represent early transcripts; open arrows represent late

transcripts
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134 packaging signal. In addition, there are four early

135 transcription units (E1B, E2, E3 and E4), two delayed

136 early units (IX and IVa2) and one late unit (major late)

137 which is processed to give five families of late mRNAs (L1

138 to L5), all of which are transcribed by RNA polymerase II.

139 Transcription of each of the adenovirus genes leads to

140 multiple mRNAs.

141 The biology of adenoviral infection

142 The rational design of adenoviral vectors is based on an

143 understanding of the infectious cycle of the parental viruses

144 (ref. [3] and references therein). The replication cycle is

145 conventionally divided into two phases separated by the

146 onset of viral DNA replication. The early phase starts as

147 soon as the virus interacts with the host cell: entry into the

148 cell and transport of the viral genome to the nucleus, fol-

149 lowed by the transcription and translation of early viral

150 genes. These events modulate the functions of the host cell

151 to facilitate the replication of the virus DNA and the

152 transcription and translation of the late genes. In permissive

153 cells, the early phase takes 5–6 h, after which time viral

154 DNA replication is first detected. The late phase begins

155 concomitantly with the onset of DNA replication and

156 involves the expression of the late viral genes, leading to

157 the assembly in the nucleus of the structural proteins and

158 the maturation of infectious viruses. The host cells lyse to

159 release progeny virions about 20–24 h post-infection.

160 The entry of adenoviruses into susceptible cells requires

161 two distinct, sequential steps––binding and internalization–

162 each mediated by the interaction of a specific capsid protein

163 with a cellular receptor (Fig. 3). The initial high affinity

164 binding of Ad2 and Ad5 to the primary cellular receptor

165 [5, 6], designated CAR (for coxsackievirus and adenovirus

166 receptor), occurs via the globular knob domain of the fiber

167 capsid protein [7, 8]. CAR appears to function purely as a

168 docking site for the virus on the cell surface: the cytoplasmic

169 and transmembrane domains of the molecule are not essential

170 for adenoviral infection [9, 10]. Subsequent internalization of

171 the virus by receptor-mediated endocytosis is potentiated by

172 the interaction of Arg-Gly-Asp (RGD) peptide sequences in

173 the penton base protein [11] with secondary host cell

174 receptors, integrins avb3 and avb5 [12]. The virion then

175 escapes from the endosome, the capsid is disrupted and the

176 virus is transported to the nuclear membrane. The genome

177 then passages through the nuclear pore into the nucleus

178 where the primary transcription events are initiated.

179 Expression of the adenoviral genes is temporally regu-

180 lated [3]. E1A is the first transcription unit to be expressed

181 after the adenoviral chromosome enters the nucleus of an

182 infected cell; its expression requires only cellular proteins.

183 The E1A proteins activate transcription from the other

184adenoviral early regions and induce the host cell to enter

185the S phase of the cell cycle. The E1B gene encodes two

186proteins (E1B 19K and E1B 55K) that inhibit apoptosis and

187further modulate cellular metabolism to render the cell

188more susceptible to viral replication. The E2 transcription

189unit encodes three proteins involved in viral DNA repli-

190cation: DNA polymerase (Pol), preterminal protein (pTP),

191and DNA binding protein (DBP). The E3 region encodes

192multiple proteins designed to inhibit pathways of cell death

193induced by the host innate and cellular immune response to

194the infected cell. The E3 proteins are dispensable for the

195replication of adenoviruses in tissue culture. The E4 gene

196products perform a range of functions, with distinct pro-

197teins playing roles in viral DNA replication, viral mRNA

198transport, and splicing, shut-off of host protein synthesis

199and regulation of apoptosis.

200The expression of the early adenoviral genes sets the

201stage for replication of the viral DNA. Replication of

202the adenoviral DNA starts at the origins of replication in

203the ITRs at either end of the chromosome, with the ter-

204minal protein serving as a primer. The expression of the

205late adenoviral genes commences with the onset of DNA

206replication. The late gene products are expressed after

207processing a 20 kb transcript from the major late pro-

208moter, which is attenuated during transcription of the early

209genes. This primary transcript undergoes multiple splicing

210events to generate five families of late mRNAs encoding

211proteins that are part of the viral capsid or are involved in

Fig. 3 The pathway of adenoviral infection. The entry of Adenoviral

into susceptible cells involves two distinct, sequential steps. The

initial high affinity binding of Ad5 to the primary cellular receptor,

CAR, occurs via the globular knob domain of the trimeric fiber capsid

protein. Subsequent internalization of the virus by receptor-mediated

endocytosis is potentiated by the interaction of Arg-Gly-Asp (RGD)

peptide sequences in the penton base protein with secondary host cell

receptors, integrins avb3 and avb5. The virion then escapes from the

endosome and localizes to the nuclear pore whereupon its genome is

translocated to the nucleus
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212 the encapsidation and assembly of viral particles in the

213 host cell nucleus. Encapsidation of the viral DNA is

214 directed by the packaging signal at the left end of the

215 chromosome. This process is accompanied by alterations

216 in the nuclear infrastructure and the permeabilization of

217 the nuclear membrane, facilitating the egress of the

218 progeny viruses into the cytoplasm. The plasma membrane

219 subsequently disintegrates and the progeny are released

220 from the cell.

221 Adenoviral vectors

222 Design of adenoviral vectors

223 The most widely used adenoviral vectors for gene therapy

224 are the so-called ‘‘first generation’’ replication-deficient

225 vectors based on human Ad2 and Ad5, in which the E1

226 region of the genome is deleted [1, 4]. Deletion of the E1

227 region, while retaining the ITR and packaging signal, is

228 designed to prevent expression of the E2 genes and thus

229 block viral DNA replication and the synthesis of late

230 structural proteins. E1-deleted adenoviral vectors are

231 therefore propagated in complementing human cell lines

232 that provide the E1 proteins in trans. In order to provide

233 additional cloning space in the vector, the E3 region, which

234 is not necessary for viral replication in culture, is also

235 commonly deleted. Since adenoviruses can encapsidate

236 DNA ranging from 75 to 105% of the length of the wild-

237 type viral genome, these modifications allow up to 7.5 kb

238 of foreign DNA to be accommodated.

239 Although E1-deleted adenoviral vectors are in theory

240 replication-defective, in practice many cells possess E1-

241 like proteins that can activate the E2 genes, leading to viral

242 DNA replication and the expression of the late structural

243 proteins. It has also become clear that the E1-dependence

244 of E2, E3 and E4 gene transcription can be circumvented at

245 high multiplicities of infection. Newly synthesized adeno-

246 viral peptides displayed on the surface of infected cells are

247 recognized and destroyed by cytotoxic T lymphocyte and

248 natural killer cell-mediated responses. In many cases the

249 expressed transgene product has also been shown to be

250 immunogenic. As a consequence of the elimination of

251 infected cells by the cellular immune response, transgene

252 expression mediated by first generation adenoviral vectors

253 in vivo is only transient, lasting 2–3 weeks.

254 In an attempt to reduce immunogenicity, subsequent

255 generations of adenoviral vectors have been designed to be

256 defective for multiple viral genes, in addition to E1. The

257 removal of genes encoding proteins essential for DNA

258 replication (the DNA binding protein, DNA polymerase

259 and terminal protein), or key regulatory functions (the E4

260 proteins) has led to vectors which in some studies have

261been reported to be less immunogenic than first generation

262E1-deleted vectors and to mediate longer term gene

263expression. However, in other studies these vectors have

264shown minimal or no advantage over first generation vec-

265tors. The production of these multiply deleted vectors has

266necessitated the construction of novel complementing cell

267lines that provide the missing function in trans.

268The strategy of deleting regions of the viral genome has

269met its ultimate realization with the so-called ‘‘gutted

270vectors’’ which retain only the ITRs and packaging signals.

271The gutted vectors can accommodate up to 36 kb of for-

272eign DNA, and can therefore carry large cDNAs together

273with appropriate regulatory elements. Production of these

274vectors requires the use of helper viruses, from which the

275gutted vectors must be separated and purified, a process

276which has been simplified by the development of packag-

277ing-defective helper viruses. Compared to first generation

278vectors, gutted vectors have shown reduced immunoge-

279nicity and more persistent gene expression in vivo.

280Construction of adenoviral vectors

281A number of different approaches have been used to con-

282struct adenoviral vectors (reviewed in [13]). The classical

283method for construction of vectors with the E1 region

284substituted with the transgene of interest employs homol-

285ogous recombination in an E1-complementing human cell

286line between two DNA molecules, one carrying sequences

287mapping to the left end of the adenoviral genome and the

288gene of interest, and one carrying the adenoviral genome

289with the left end deleted but retaining some sequences that

290partially overlap the 3¢ end of the first molecule. This

291second molecule can be either a linearized partial viral

292genome purified from virions [14] or a plasmid [15, 16].

293This technique suffers from the inefficiency of homologous

294recombination in mammalian cells, and the need for puri-

295fication of individual viral plaques, which means it is both

296labor-intensive and time-consuming. Another big disad-

297vantage is that if no recombinants are generated, the

298researcher is unable to determine whether the problem is

299technical or biological.

300The past few years have seen the development of new

301methods to facilitate the generation of adenoviral vectors

302by constructing the recombinant vector genome prior to

303transfection of the E1-complementing mammalian cells,

304thereby avoiding multiple rounds of plaque purification.

305One approach which has found widespread use exploits

306the highly efficient homologous recombination machinery

307in bacteria to generate a recombinant adenoviral vector by

308homologous recombination in Escherichia coli between a

309large plasmid containing most of the adenoviral genome

310and a small shuttle plasmid containing the expression

311cassette flanked by sequences homologous to the region to
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312 be targeted in the viral genome [17–19]. The recombinant

313 adenoviral genome is then linearized by restriction

314 digestion and used to transfect E1-complementing mam-

315 malian cells to produce viral particles and propagate the

316 vector.

317 Production and purification of adenoviral vectors

318 The original E1-complementing cell line, designated 293,

319 was generated by transformation of human embryonic

320 kidney cells with sheared Ad5 DNA [20]. The cells con-

321 stitutively express the left 11% of the Ad5 genome and can

322 be used to produce E1-deleted vectors at high titers of up to

323 1013 particles per ml. However, a disadvantage of the 293

324 cell line is that it allows the emergence of replication-

325 competent adenovirus (RCA) as a result of homologous

326 recombination between the host cell genome and the vector

327 [21]. This has led to strategies to avoid RCA by creating

328 rationally designed E1-complementing helper cell lines

329 with minimal or no homologous sequences between the

330 transfected E1 DNA and E1-deleted vector [22, 23].

331 The classical method for purification of adenoviral

332 vectors is cesium chloride density gradient ultracentrifu-

333 gation. This is an efficient technique that can yield highly

334 purified viral particles, although it is time-consuming,

335 rather expensive and is not amenable to large-scale puri-

336 fication of adenoviral vectors. More recently, adenoviral

337 vectors have been purified by column chromatography

338 using resins originally developed for protein purification

339 [24]. Anion exchange chromatography is commonly used

340 in an initial purification step, followed by immobilized

341 metal affinity chromatography or reversed phase high-

342 performance liquid chromatography as the second step.

343 Column chromatography offers the ability to rapidly purify

344 large amounts of virus to a highly pure state without

345 compromising the viability of the viral particles.

346 After purification, the concentration of the adenoviral

347 vector preparation is determined by physical and/or bio-

348 logical methods [25]. The most common physical method

349 for calculating the number of viral particles is to disrupt the

350 particles with sodium dodecyl sulfate (SDS) and determine

351 the optical absorbance of the virion DNA at 260 nm, using

352 the conversion factor 1.1 · 1012 particles per absorbance

353 unit [26]. Biological methods involve the infection of cells

354 in culture followed by the determination of infectious

355 adenoviral vector particles, either by counting visible pla-

356 ques in a monolayer of cells which support replication of

357 the vector, or by histochemical or immunohistochemical

358 staining of cells to detect expression of a viral structural

359 protein or a reporter gene delivered by the vector. The

360 biological titer of the vector is then expressed in terms of

361 plaque-forming units (PFU), infectious units (IU) or

362 transducing units (TU).

363Applications of adenoviral vectors

364Adenoviral vectors can mediate high, albeit transient,

365levels of expression of the transgene in mammalian cells,

366resulting in yields of the recombinant protein of up to 30%

367of total cellular protein. The expressed proteins are subject

368to the full range of complex post-translational modifica-

369tions that might be necessary for their appropriate folding

370and function. Recombinant viral and mammalian proteins

371are therefore identical to the native proteins, thereby

372avoiding the disadvantages associated with expression of

373these proteins in prokaryotes, lower eukaryotes and insect

374cells.

375Based on these favorable characteristics, E1-deleted

376adenoviral vectors have been employed for expression of

377recombinant proteins in cultured mammalian cells in vitro

378[1]. Since adenoviral vectors can infect a range of dividing

379and nondividing mammalian cells, they have also been

380widely used in gene transfer experiments and gene therapy

381applications in vitro and in vivo, in both preclinical studies

382in animal models and in clinical trials in human patients [4,

38327). As of July 2006, more gene therapy clinical trials (305

384or 26%) have employed adenoviral vectors than any other

385vector, viral or nonviral [28]. These clinical trials have

386been designed to exploit the ability of adenoviral vectors to

387accomplish in vivo gene delivery.

388In the field of cancer gene therapy, adenoviral vectors

389have been widely employed in mutation compensation and

390molecular chemotherapy approaches where the goal is to

391eradicate the transduced cell. Adenoviral vectors have

392delivered a variety of therapeutic genes for cancer,

393including the tumor suppressor genes p53 [29] and p16

394[30], antisense DNA, ribozymes, and single-chain anti-

395bodies [31, 32], and the suicide genes herpes simplex virus

396thymidine kinase and cytosine deaminase. In the absence

397of a vector capable of targeted, tumor cell-specific gene

398delivery upon systemic administration, clinical trials

399involving adenovirus-mediated gene transfer have con-

400centrated on those cancers that would benefit from

401improved local or regional control of tumor growth,

402including head and neck squamous cell carcinoma, brain,

403bladder, and ovarian cancers, locally advanced prostate

404cancer, and non-metastatic stages of non-small cell lung

405cancer and breast cancer. The first commercially approved

406gene therapy product is based on a human adenovirus

407serotype 5 vector engineered to express the p53 tumor

408suppressor gene [33]. This product, designated Gendicine

409(distributed by the Chinese company Shenzhen SiBiono

410GeneTech, Shenzhen, China), has been approved by the

411State Food and Drug Administration of China for treatment

412of patients with head and neck squamous cell carcinoma

413and is in late-stage clinical trials for a variety of other

414malignancies [34]. In the United States and Europe, an Ad5
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415 vector carrying the p53 gene is in phase II/III and phase III

416 clinical trials for stage III ovarian and primary peritoneal

417 cancer, locally advanced unresectable non-small cell lung

418 cancer and head and neck squamous cell carcinoma, both

419 as monotherapy and in combination with radiation and/or

420 chemotherapy agents [28, 35]. However, for reasons that

421 will be discussed below, the results of adenovirus-mediated

422 cancer gene therapy have, in general, been disappointing,

423 with only limited efficacy being observed in preclinical and

424 clinical studies.

425 Adenoviral vectors have advanced to late stage clinical

426 trials in patients with coronary artery disease [28], in which

427 intracoronary administration of an Ad5 vector carrying the

428 fibroblast growth factor 4 gene is designed to achieve

429 therapeutic angiogenesis [36]. The favorable properties of

430 adenoviral vectors for gene therapy could also be rationally

431 exploited in the treatment of numerous other diseases or

432 conditions requiring short-term, high-level gene expres-

433 sion. There is also considerable interest in developing

434 adenovirus-based vaccines for infectious and acquired

435 diseases, including AIDS [37], Ebola virus [38], pulmonary

436 tuberculosis [39], and cancer [40].

437 Limitations of adenoviral vectors and strategies

438 to improve the vectors

439 Targeting

440 A number of limitations of adenoviral vectors have been

441 identified in the course of preclinical and clinical studies.

442 In general, the results of adenovirus-mediated cancer gene

443 therapy have been disappointing, with only limited efficacy

444 being observed in preclinical and clinical studies. A num-

445 ber of studies have shown that primary cancer cells express

446 only low levels of CAR [41], the primary cellular receptor

447 for Ad5, and it has been demonstrated that the therapeutic

448 efficacy of Ad5 vectors is restricted by the inability of the

449 vectors to infect tumor cells expressing low levels of CAR

450 [42]. A number of other cells and tissues that represent

451 potentially important targets for gene therapy, including

452 airway epithelium [43], mature skeletal muscle [44], and

453 monocyte-derived dendritic cells [45], have similarly been

454 shown to be CAR-deficient, resulting in a low efficiency of

455 Ad2- and Ad5-mediated gene delivery. This therefore

456 suggests that the efficacy of Ad5 vectors for many gene

457 therapy applications could be improved by modifying the

458 viruses to allow efficient infection via a CAR-independent

459 pathway. Moreover, the CAR-dependence of transduction

460 by Ad2 and Ad5 will result in sequestration of recombinant

461 vectors by non-target, yet high-CAR-expressing cells.

462 Hence, targeting of Ad2 and Ad5 vectors to alternate

463 cellular receptors is mandated for specificity of gene

464delivery, with the ultimate goal of developing a targeted,

465injectable vector capable of cell-specific gene delivery

466upon systemic administration.

467Modification of adenoviral tropism is accomplished by

468alteration of the knob domain of the fiber capsid protein to

469redirect binding to an alternative cellular receptor. Since

470adenoviruses use two distinct capsid proteins for cell

471binding and entry, modifications to the fiber protein, which

472is responsible for binding to the primary cellular receptor,

473will not adversely affect internalization, which is mediated

474by binding of the viral penton base protein to cellular

475integrins.

476Targeted adenoviral vectors have been constructed by

477two general strategies (reviewed in ref. [46]). In one

478approach, the vector is complexed with molecular bridges,

479either chemical conjugates [47] or recombinant fusion

480proteins [48], with specificity for both the vector and a

481cellular receptor. A truly targeted vector can be generated

482by designing the vector-specific component of the bispec-

483ific molecule to ablate native viral tropism––for example, a

484neutralizing anti-fiber antibody [47] or a soluble form of

485CAR [48]. This approach has the advantage that a single

486targeting moiety can be employed with different vectors,

487but suffers from the problem that the two components,

488vector and targeting molecule, must be generated sepa-

489rately, limiting its attractiveness for clinical application.

490An alternative approach to targeting involves the genetic

491modification of the vector, thus forming a single-compo-

492nent system (reviewed in ref. [49]). While the most com-

493monly used adenoviral vectors for gene therapy are based

494on species C serotypes 2 and 5, which recognize CAR,

495other adenoviral serotypes recognize a different primary

496cellular receptor. This has led to the hypothesis that CAR-

497independent gene transfer could be accomplished by

498substituting fiber genes from the Ad2 or Ad5 backbone

499with genes encoding homologous fiber proteins from

500alternate adenoviral serotypes, a process known as

501‘‘pseudotyping’’. While pseudotyping an Ad5-based vector

502with fiber proteins from serotypes such as Ad3 [50] and

503Ad35 [51] of species B, has allowed efficient, CAR-inde-

504pendent gene transfer to cancer cells, the approach is still

505limited by its reliance on the expression of a native aden-

506oviral receptor by the target cells. This limitation can be

507overcome by incorporating cell-specific targeting ligands

508into the fiber to redirect adenoviral infection.

509To date, the majority of genetically modified adenoviral

510vectors incorporating targeting peptide ligands possess

511expanded tropism––they retain the ability to recognize

512the native primary receptor, CAR. Adenoviral vectors

513containing the av integrin-specific Arg-Gly-Asp (RGD)

514peptide motif have been shown to increase the efficiency of

515gene delivery by up to 3 orders of magnitude to a variety of

516CAR-deficient primary human cancer cells in vitro, without
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517 increasing gene transfer to normal, CAR-positive cells

518 [52]. A major advantage of such vectors with enhanced

519 infectivity is that a given level of gene transfer can be

520 achieved with a lower viral dose, compared with the

521 untargeted vector. Since the viral dose is directly related to

522 toxicity, this has important implications for safety. The

523 improvement in infectivity that is observed with these

524 vectors translates into an enhanced therapeutic benefit in

525 preclinical animal models, supporting their evaluation in

526 human clinical trials.

527 Now that the amino acid residues responsible for bind-

528 ing CAR have been identified, site-directed mutagenesis of

529 the fiber protein will permit the engineering of vectors

530 lacking native tropism but possessing specificity for target

531 receptors. A more radical approach to the construction of

532 truly targeted adenoviral vectors involves the replacement

533 of the knob domain of the fiber with a targeting moiety.

534 The technical challenge is to retain trimerization of the

535 modified fiber protein, so that mature viral particles can be

536 assembled. This has been achieved by replacing the fiber

537 with the trimeric fibritin protein from bacteriophage T4

538 [53], a maneuver which has allowed the trimeric CD40L

539 protein to be incorporated as a targeting motif [54, 55].

540 An additional level of specificity for the target cancer

541 cell can be achieved by placing the therapeutic gene under

542 the transcriptional control of a tissue- or tumor-selective

543 promoter. Since both transductional and transcriptional

544 targeting approaches by themselves tend to be ‘‘leaky’’, the

545 combination of two complementary targeting approaches

546 leads to enhanced specificity for the target cells [56].

547 It is anticipated that the further improvements in the area

548 of transductionally targeted adenoviral vectors will ulti-

549 mately lead to a targeted, injectable vector that will be

550 capable of transducing target cells upon vascular admin-

551 istration. This will require additional obstacles to be

552 overcome, which will necessitate a better understanding of

553 adenovirus-host interactions, including sequestration of

554 adenoviral vectors by blood cells [57], and adenoviral

555 binding to blood factors leading to infection of hepatic cells

556 [58]. Furthermore, a better understanding of their role of

557 both hepatocytes and Kupffer cells in hepatic sequestration

558 of systemically administered vectors should lead to rational

559 strategies by which this can be overcome. It is also rec-

560 ognized that there are physical barriers to adenoviral

561 transduction of target cells and tissues [59, 60].

562 Immune response

563 The use of first generation adenoviral vectors in vivo is

564 associated with the induction of both an innate and an

565 acquired immune response (reviewed in [61, 62]). Studies

566 in mice and primates have indicated that within the first

567 few hours of administration of adenoviral vectors by the

568intravenous route, the viral capsid proteins trigger an acute

569inflammatory response characterized by the rapid release

570of inflammatory cytokines, including interleukin-6 (IL-6)

571and IL-8, and the recruitment of immune effector cells,

572such as neutrophils, into the liver. This acute-phase

573toxicity does not require expression of viral genes but is

574dependent on the dose of vector: minimal toxicity has been

575shown to result from administration of low doses of

576E1-deleted vectors to mice. Since the acute inflammatory

577response is directly related to the vector dose, toxicity

578could be reduced by lowering the number of viral particles

579necessary for a given level of gene transfer, as discussed

580above.

581Over the next 24–96 h, toxicity associated with first

582generation Adenoviral vectors results from an acquired

583cellular immune response. In those instances where the

584goal of gene delivery by a first generation adenoviral vector

585is the elimination of the transduced cell, for example in

586cancer gene therapy, the induction of a cytodestructive

587immune response is beneficial. However, in many cases the

588eradication of the transduced cell would be a serious

589problem. This has led to strategies to overcome cellular

590immunity by modifying either the vector (by deleting the

591E2 and E4 regions or creating gutted vectors for long-term

592gene expression) or the host (by means of various immu-

593nosuppressive regimens [63] or by blocking the co-stimu-

594latory molecules necessary for T-cell activation [64]).

595In addition to cellular immunity, a humoral immune

596response is generated to the adenoviral vector. This leads to

597a reduction in Adenoviral-mediated gene delivery upon

598repeat vector administration. Moreover, even the initial

599vector dose may be inefficient in human patients who

600possess neutralizing antibodies to the commonly used Ad2

601or Ad5 vectors, as a result of prior exposure to the parental

602viruses. Strategies to circumvent pre-existing immunity to

603Ad2 or Ad5 vectors would therefore have obvious practical

604implications for vaccination and gene therapy. One

605approach involves the development of vectors based on

606alternate human or animal adenoviral serotypes to which

607the seroprevalence of neutralizing antibodies is low, such as

608human Adenoviral serotype 49 [65] and chimpanzee ade-

609novirus [66]. It has been demonstrated that Ad5-specific

610neutralizing antibodies are directed against epitopes located

611within short hypervariable regions (HVRs) on the Ad5

612hexon capsid protein [67]. Substitution of these HVRs in

613Ad5 with the corresponding HVRs from the rare adenovirus

614serotype Ad48 allowed the resultant. HVR-chimeric Ad5

615vectors to circumvent pre-existing anti-vector immunity

616[67]. Although the host might not have pre-existing

617immunity to a given vector, it can be envisioned that the

618subsequent development of neutralizing antibodies would

619mean that repeat administration would necessitate the use

620of a distinct vector.
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621 Summary

622 Adenoviral vectors possess a number of features that have

623 favored their widespread employment both in vitro and

624 in vivo. In fact, the use of Adenoviral vectors is increasing,

625 as technologies to facilitate their construction are being

626 developed and refined. First generation, E1-deleted Aden-

627 oviral vectors have been shown to be associated with

628 limitations that are being addressed by rational strategies

629 based on the biology of the virus. These advances should

630 allow the realization of the full potential of Adenoviral

631 vectors for in vivo gene delivery upon systemic adminis-

632 tration.
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Abstract
Clinical studies of replicating adenoviruses for the treatment of cancer have demon‑

strated their safety but have yielded disappointing results, indicating the need for new 
strategies to improve their efficacy. We hypothesized that the efficacy of a replicating 
adenovirus could be improved by expression of tissue inhibitor of metalloproteinases‑2 
(TIMP‑2), a 21‑kDa unglycosylated secretory protein. TIMP‑2 specifically inhibits the active 
forms of a number of matrix metalloproteinases (MMPs) that play a role in the degrada‑
tion of basement membranes and the extracellular matrix and are therefore involved in 
the control of the growth, invasion and metastasis of tumor cells, as well as angiogenesis. 
In addition, TIMP‑2 can abrogate tumor growth and angiogenesis by a variety of mecha‑
nisms independent of MMP inhibition. In this study, we demonstrate that expression of 
TIMP‑2 enhanced the antitumor efficacy of a replicating adenovirus in vivo, by reducing 
both tumor growth and angiogenesis.

Introduction
Oncolytic viruses tailored to replicate selectively within tumor cells are novel anticancer 

agents with great therapeutic potential.1 The selective replication of the viruses in cancer 
cells amplifies the initial viral inoculum, leading to destruction of the infected cells by 
virus‑mediated lysis. The viral progeny are thereby released and can spread through the 
tumor mass to infect neighboring cancer cells, resulting in self‑perpetuating cycles of 
infection, replication and oncolysis. Replication‑selective viruses therefore overcome a 
major limitation of replication‑defective vectors for cancer gene therapy, which are unable 
to infect all, or even most, cells within a solid three‑dimensional tumor mass. The safety 
of oncolytic viruses derives from the restriction of their replication to tumor cells, while 
sparing normal cells.

While several oncolytic viruses have been identified to date, replication‑selective adeno-
viruses possess a number of advantages.2 Human serotype 5 adenoviruses are associated 
with relatively mild diseases, their biology is relatively well characterized and their genomes 
can be manipulated with relative ease. Moreover, adenoviruses can be purified to high titer 
and are stable in the bloodstream, two features which afford the prospect of intravenous 
administration to treat disseminated cancer cells. Strategies to restrict the replication of 
adenoviruses to tumor cells have either involved placing the expression of viral genes, 
most commonly the E1A gene, under the control of tumor‑ or tissue‑specific promoters, 
or have been based on the complete or partial deletion of viral genes that are required 
for replication in normal cells, but not in tumor cells.2 In recognition of their potential, 
replication‑selective adenoviruses have been rapidly translated into human clinical trials in 
patients with advanced cancer, where the safety of these agents has been demonstrated.3 
However, clinical studies of replicating adenoviruses have yielded disappointing results, 
indicating the need for new strategies to improve their efficacy.

The growth, invasion and metastasis of tumor cells, as well as angiogenesis, involve 
the degradation of basement membranes and the extracellular matrix.4 This process is 
controlled by a variety of proteolytic enzymes secreted by both tumor and stromal cells, 
including matrix metalloproteinases (MMPs), members of a family of zinc‑dependent 
endopeptidases.5 MMPs are upregulated in many forms of cancer and their expression is 
associated with a poor prognosis.6,7 The MMPs are synthesized as inactive zymogens and 
activated by proteinase cleavage. Their activity is tightly regulated by a group of endogenous 
inhibitors, including tissue inhibitors of metalloproteinases (TIMPs). The four mammalian 
TIMPs identified to date have many basic similarities, but differ in their structural features, 
biochemical properties and expression patterns.8,9
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TIMP‑2 is a 21‑kDa unglycosylated protein that is secreted in a 
soluble form by endothelial cells and fibroblasts.10 TIMP‑2 binds in 
a 1:1 stoichiometric ratio to the active forms of a number of MMPs, 
including membrane type 1 MMP (MT1‑MMP), MMP‑2 and 
MMP‑9, thereby specifically abrogating the MMP activity associated 
with tumor growth and angiogenesis.8 In addition to its antitumor 
activity as an inhibitor of MMPs, TIMP‑2 can also inhibit tumor 
growth and angiogenesis by a variety of mechanisms independent of 
MMP‑inhibition.11‑13 TIMP‑2 is unique among the members of the 
TIMP family or synthetic MMP inhibitors in being able to directly 
inhibit the proliferation of endothelial cells in response to angiogenic 
stimuli such as fibroblast growth factor 2 or vascular endothelial 
growth factor A.11,14 Seo et al. have shown that the growth‑inhibi-
tory activity of TIMP‑2 for human microvascular endothelial cells is 
mediated through binding to a3b1 integrin and induction of protein 
tyrosine phosphatase activity.11 Oh et al. have recently demonstrated 
that TIMP‑2 inhibits endothelial cell migration through an indirect 
MMP‑inhibitor effect that requires transcription, synthesis, and 
cell surface localization of the RECK gene product.13 Furthermore, 
Feldman et al. have reported that upregulation of mitogen‑activated 
protein kinase phosphatase 1 in tumors overexpressing TIMP‑2 
results in dephosphorylation of p38 mitogen‑activated protein 
kinase, leading to inhibition of tumor growth and angiogenesis.12

A number of early studies using TIMP‑2 delivered as a recombi-
nant protein or via plasmid‑mediated expression demonstrated the 
feasibility of employing TIMP‑2 for anticancer therapy. To this end, 
TIMP‑2 was shown to block both tumor growth and local invasion 
through extracellular matrices. Subsequent studies demonstrated that 
delivery of TIMP‑2 by replication‑defective adenoviral vectors results 
in the reduction of tumor growth, angiogenesis and metastasis.15,16 
Moreover, in addition to having a direct effect on cancer growth, 
adenovirus‑mediated delivery has demonstrated the potential of 
TIMP‑2 in protection of normal organs against metastatic cancer 
cells.15

Based on this biology, we hypothesized that the efficacy of a  
replicating adenovirus could be enhanced by expression of TIMP‑2. 
In this strategy, the replicating adenovirus would kill cancer cells 
directly from within by oncolysis, while secretion of TIMP‑2 by the 
infected cells would complement this therapeutic effect by restricting 
tumor growth and angiogenesis via both MMP‑dependent and 
‑independent mechanisms.

Materials And Methods
Viruses. Adwt300, a wild‑type human adenovirus serotype 5, was 

obtained from the American Type Culture Collection (Manassas, VA). 
Ad‑TIMP‑2, an E1‑, E3‑deleted replication‑deficient Ad5 vector 
which expresses TIMP‑2 under the control of the CMV promoter, 
has been described previously.17 AdLacZ is an E1‑, E3‑deleted 
replication‑deficient Ad5 vector which expresses b‑galactosidase 
under the control of the CMV promoter. The wild‑type adenovirus 
and the vectors were propagated in the permissive 293 cell line and 
purified by two rounds of cesium chloride density centrifugation. To 
determine the viral particle concentration, the virus was diluted in  
10 mM Tris (pH 8.0)‑1 mM EDTA‑0.1% SDS, incubated at 56˚C 
for 10 min, and the absorbance at 260 nm was measured. Under 
these conditions, an absorbance of 1 corresponds to 1.1 x 1012 
particles/ml.18

Cell lines. MDA‑MB‑231 human breast cancer cells and LNCaP 
human prostate cancer cells were acquired from the American Type 

Culture Collection. SKOV3.ip1 human ovarian cancer cells were 
obtained from Janet Price (Baylor University, Houston, TX). 293 
cells were purchased from Microbix (Toronto, Ontario, Canada). 
MDA‑MB‑231, SKOV3.ip1 and 293 cells were maintained in 
DMEM/Ham’s F‑12 medium supplemented with 10% fetal calf 
serum (FCS), penicillin (100 units/ml) and streptomycin (100 
mg/ml). LNCaP cells were maintained in RPMI 1640 medium 
containing 10% FCS, penicillin (100 units/ml), streptomycin (100 
mg/ml), sodium pyruvate (1 mM) and sodium bicarbonate (1.5 g/l). 
All cells were propagated at 37˚C in a humidified 5% CO2 atmo-
sphere.

FCS was purchased from Gibco-BRL, Grand Island, NY and 
media and supplements were from Mediatech, Herndon, VA.

Quantification of adenoviral DNA replication. Monolayers of 
MDA‑MB‑231, SKOV3.ip1 or LNCaP cells in 6‑well plates were 
coinfected with Adwt300 at a multiplicity of infection (MOI) of 1 
viral particle per cell and Ad‑TIMP‑2 at MOIs of 0, 0.1, 1 or 10 
viral particles per cell. Ten days post‑infection, attached and detached 
cells were harvested and DNA extracted using the DNeasy Tissue 
Kit (Qiagen, Valencia, CA). The DNA was subjected to quantitative 
real‑time PCR using primers and a probe specific for the adenoviral 
E1A region (forward primer: 5'‑AACCAGTTGCCGTGAGAGTT
G‑3'; reverse primer: 5'‑CTCGTTAAGCAAGTCCTCGATACA‑3'; 
probe: 5'‑CACAGCCTGGCGACGCCCA‑3'). Human b‑actin 
DNA was also amplified to allow normalization of the data 
(forward primer: 5'‑TAAGTAGGCGCACAGTAGGTCTGA‑3'; 
reverse primer: 5'‑AAAGTGCAAAGAACACGGCTAAG‑3'; probe: 
5'‑CAGACTCCCCATCCCAAGACCCCA‑3').

Adenovirus yield assay. Monolayers of MDA‑MB‑231, SKOV3.
ip1 or LNCaP cells in 6‑well plates were coinfected with Adwt300 
at an MOI of 1 viral particle per cell and Ad‑TIMP‑2 at MOIs of 
0, 0.1, 1 and 10 viral particles per cell. Ten days post‑infection, the 
cells and media were harvested and the number of infectious particles 
determined by titering on 293 cells.19 Forty hours post‑infection, 
293 cells were fixed with methanol and infected cells were identi-
fied in an immunoassay using polyclonal rabbit anti‑Ad5 antiserum 
(Cocalico, Reamstown, PA) as the primary antibody with a horse-
radish peroxidase‑conjugated goat anti‑rabbit secondary antibody 
(Jackson ImmunoResearch Laboratories, West Grove, PA). DAB 
(Sigma, St Louis, MO) was employed as the chromogenic substrate 
and brown cells were counted using a light microscope.

CPE assay. Monolayers of MDA‑MB‑231, SKOV3.ip1 or LNCaP 
cells in 24‑well plates were coinfected with Adwt300 at an MOI of 
1 viral particle per cell and Ad‑TIMP‑2 at MOIs of 0, 0.1, 1 and 10 
viral particles per cell. Ten days post‑infection, the cells were fixed 
and stained with crystal violet.

In vitro cytotoxicity assay. Monolayers of MDA‑MB‑231, 
SKOV3.ip1 or LNCaP cells in 96‑well plates were coinfected with 
Adwt300 at an MOI of 1 viral particle per cell and Ad‑TIMP‑2 
at MOIs of 0, 0.1, 1, 10 and 100 viral particles per cell. Ten days 
post‑infection, a commercial cell proliferation assay (Promega, 
Madison, WI) was used to measure cell survival according to the 
manufacturer’s instructions.

Animal experiments. Animal experiments were performed in 
accordance with federal and institutional guidelines for animal care. 
MDA‑MB‑231 tumor xenografts were established by subcutaneous 
injection of 4 x 106 cells into the flank of 8–10 week‑old female 
NCr athymic nude mice (nu/nu; Taconic, Germantown, NY). 
On reaching 80–100 mm3, the tumor nodules were injected with  
50 ml PBS or with a single dose of the following virus treatments in  
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50 ml PBS: 106 particles of Adwt300 plus 106 particles of Ad‑TIMP‑2; 
106 particles of Ad‑TIMP‑2 alone; 106 particles of Adwt300 plus 106 
particles of AdLacZ, as a control (8 mice per group). Bidimensional 
tumor measurements were taken twice a week with calipers and the 
tumor volume was calculated using the simplified formula for a 
rotational ellipsoid: 0.5 x length x width2 (see ref. 20). Animals were 
followed for 28 days, until the tumor burden in some of the groups 
became excessive, whereupon the mice were sacrificed and tumors 
excised.

Immunohistochemistry. Tumors excised from the treated mice 
were snap frozen in liquid nitrogen and cut into 50 mm sections. The 
sections were fixed with acetone and endogenous peroxidase activity 
was quenched by incubation in 0.3% (v/v) H2O2 in methanol for 
30 min. Blood vessels were then visualized via a three‑step staining 
procedure using a rat anti‑mouse CD31 monoclonal antibody (BD 
Biosciences, San Jose, CA), followed by a biotin‑conjugated goat 
anti‑rat Ig‑specific polyclonal antibody (BD Biosciences) and then 
an avidin: biotinylated HRP complex (Vectastain ABC kit; Vector 
Laboratories, Burlingame, CA). DAB was employed as the chro-
mogenic substrate. The number of brown‑stained blood vessels was 
counted in three microscopic fields with magnification x10 in tumor 
sections from three mice per group.

Statistical analysis. Differences between groups were analyzed 
using the Student‑Fisher t‑test, with p < 0.05 considered statistically 
significant.

Results
In this proof‑of‑concept study, we employed a two‑component 

model system to investigate the hypothesis that the efficacy of a 
replicating adenovirus could be enhanced by arming it with TIMP‑2. 
In this regard, coinfection of cells with a wild‑type adenovirus and a 
replication‑defective E1‑deleted adenoviral vector expressing TIMP‑2 
allows replication of the vector as a result of trans‑complementation 
by the E1 proteins expressed by the wild‑type virus.

Expression of TIMP‑2 does not inhibit the oncolytic potency 
of a replicating adenovirus in vitro. Monolayers of MDA‑MB‑231 
human breast cancer cells, SKOV3.ip1 human ovarian cancer cells 
and LNCaP human prostate cancer cells (which express MMP‑2 and 
MMP‑9 (see refs. 21–24)) were coinfected with a replicating human 
serotype 5 adenovirus, Adwt300, at a multiplicity of infection (MOI) 
of 1 viral particle per cell, and a previously described replication‑ 
defective Ad5 vector expressing TIMP‑2, Ad‑TIMP‑2 (see ref. 17), 
at MOIs of 0.1, 1 and 10 viral particles per cell. As a control, the 
cells were infected with Adwt300 alone. Ten days post‑infection, 
the cells were harvested and DNA was extracted and subjected to  
quantitative real‑time PCR analysis to determine the number 
of copies of the adenoviral E1 region, which is indicative of the 
synthesis of viral DNA by the replicating adenovirus. As shown in 
(Fig. 1), the number of copies of the E1 gene produced by Adwt300 
was not significantly affected by coinfection with Ad‑TIMP‑2 at 
MOIs of 0.1, 1 or 10 viral particles per cell (p < 0.04 for all cell lines 
and MOIs tested).

We next sought to confirm that expression of TIMP‑2 did not 
interfere with the ability of the replicating adenovirus to produce 
infectious progeny. To this end, monolayers of MDA‑MB‑231, 
SKOV3.ip1 and LNCaP cells were coinfected with a replicating 
adenovirus, Adwt300, at an MOI of 1 viral particle per cell, and 
Ad‑TIMP‑2 at MOIs of 0.1, 1 and 10 viral particles per cell. As a 
control, cells were infected with Adwt300 alone. Ten days post‑infec-

tion, the cells and media were harvested and the number of infectious 
particles was determined by titering on 293 cells.19 As shown in 
Figure 2, the number of viral progeny was not significantly affected 
by coinfection of Adwt300 with Ad‑TIMP‑2 at MOIs of 0.1 or 10 
viral particles per cell (p < 0.05 for all cell lines and MOIs of 0.1 and 
10; p = 0.06, 0.08 and 0.07 for MDA‑MB‑231, SKOV3.ip1 and 
LNCaP cells, respectively, at an MOI of 1).

We then examined whether expression of TIMP‑2 would impair 
the oncolytic potency of the replicating adenovirus. Monolayers of 
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Figure 1. Expression of TIMP‑2 does not inhibit adenoviral DNA replication. 
Monolayers of MDA‑MB‑231 (A), SKOV3.ip1 (B) and LNCaP (C) cells were 
coinfected with Adwt300 at an MOI of 1 viral particle per cell and Ad‑TIMP‑2 
at MOIs of 0, 0.1, 1 or 10 viral particles per cell. Ten days post‑infection, 
cells were harvested and DNA extracted and subjected to quantitative 
real‑time PCR to detect the adenoviral E1A region. Human beta‑actin DNA 
was also amplified to allow normalization of the data. Representative results 
are shown.
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MDA‑MB‑231, SKOV3.ip1 and LNCaP cells were coinfected with 
a replicating adenovirus, Adwt300, at an MOI of 1 viral particle 
per cell, and Ad‑TIMP‑2 at MOIs of 0.1, 1 and 10 viral particles 
per cell. As a control, cells were infected with Adwt300 alone. Ten 
days post‑infection, the cytopathic effect was monitored by staining 
proteins in the viable cells with crystal violet. As shown in Figure 
3A, expression of TIMP‑2 did not inhibit oncolysis of the cancer 
cells by the replicating adenovirus. This finding was confirmed by a 
quantitative assay in which viable MDA‑MB‑231 cells were counted  
(Fig. 3B; p ≤ 0.05 for all MOIs tested).). Hence, the expression of 
TIMP‑2 did not inhibit the oncolytic potency of the replicating 
adenovirus in vitro.

A replicating adenovirus expresses a greater level of TIMP‑2 
than a replication‑defective adenoviral vector. We hypothesized 
that the level of expression of TIMP‑2 that could be achieved by 
coinfection of the replicating adenovirus and Ad‑TIMP‑2 would 
be significantly greater than could be achieved by the replication‑ 
defective adenoviral vector alone. To investigate this, monolayers of 
MDA‑MB‑231, SKOV3.ip1 and LNCaP cells were coinfected with 
a replicating adenovirus, Adwt300, at an MOI of 1 viral particle per 
cell, and Ad‑TIMP‑2 at MOIs of 1 and 10 viral particles per cell. As 
a control, cells were infected with Ad‑TIMP‑2 alone at MOIs of 1 
and 10 viral particles per cell. Expression and secretion of TIMP‑2 
were assayed by harvesting the culture medium at 3, 6, 9 and 12 
days post‑infection and subjecting it to immunoblot analysis using 
an anti‑TIMP‑2 monoclonal antibody. As shown in Figure 4A, at 
each MOI tested, higher levels of TIMP‑2 were secreted by cells 
coinfected with Ad‑TIMP‑2 and the replicating adenovirus, than 
cells infected with the replication‑defective Ad‑TIMP‑2 alone. This 
observation was confirmed by an enzyme‑linked immunosorbent 
assay in which the levels of TIMP‑2 in the culture medium of 
infected MDA‑MB‑231 cells were quantified at various time‑points 
post‑infection (Fig. 4B).

Expression of TIMP‑2 enhances antitumor efficacy of a repli‑
cating adenovirus in vivo. We next wished to determine whether 
expression of TIMP‑2 would enhance the antitumor efficacy of the 
replicating adenovirus in vivo. Female athymic nude mice bearing 
subcutaneous MDA‑MB‑231 xenografts on the flank were given a 
single intratumoral injection of one of the following treatments in  
50 ml PBS: 106 particles of Adwt300 plus 106 particles of Ad‑TIMP‑2; 
106 particles of Ad‑TIMP‑2 alone; 106 particles of Adwt300 plus 
106 particles of AdLacZ, a control replication‑defective adenoviral 
vector expressing b‑galactosidase; or PBS alone (8 mice per group). 
Bidimensional tumor measurements were taken twice a week with 
calipers, and the tumor volume was calculated using the simpli-
fied formula for a rotational ellipsoid: 0.5 x length x width2 (see  
ref. 20). Tumor growth kinetics are shown in Figure 5. Twenty‑eight 
days post‑injection of the virus, tumors treated with the replicating 
adenovirus plus Ad‑TIMP‑2 were significantly smaller than tumors 
injected with the replicating adenovirus plus the irrelevant vector, 
AdLacZ (p = 0.04), with Ad‑TIMP‑2 alone (p = 0.03), or with PBS 
(p = 0.006). Hence, expression of TIMP‑2 by a replicating adeno-
virus enhanced the inhibition of tumor growth in vivo.

In addition to playing a role in tumor growth, MMP‑dependent 
matrix proteolysis is also involved in the process of angiogenesis. To 
analyze angiogenesis, tumor sections from these mice were subjected 
to immunohistochemical staining using a primary antibody against 
mouse CD31 (also known as PECAM‑1, platelet endothelial cell 
adhesion molecule) to visualize endothelial cells. As shown in  
Figure 6A and B, significantly fewer blood vessels were observed 

in sections of tumors treated with the replicating adenovirus plus 
Ad‑TIMP‑2 compared to tumors injected with the replicating adeno-
virus plus the irrelevant vector, AdLacZ, with Ad‑TIMP‑2 alone, 
or with PBS (p ≤ 0.01 for all groups tested). Hence, expression of 
TIMP‑2 by a replicating adenovirus reduced angiogenesis in vivo.

Discussion
In recognition of their potential, replication‑selective adenoviruses 

have been rapidly translated into human clinical trials in patients 
with advanced cancer, where the safety of these agents has been 
demonstrated.3 However, clinical studies of replicating adenoviruses 
have yielded disappointing results, indicating the need for new strate-
gies to improve their efficacy. In one approach to improve the efficacy 

Figure 2. Expression of TIMP‑2 does not interfere with the ability of the 
replicating adenovirus to produce infectious progeny. Monolayers of 
MDA‑MB‑231 (A), SKOV3.ip1 (B) and LNCaP (C) cells were coinfected with 
Adwt300 at an MOI of 1 viral particle per cell and Ad‑TIMP‑2 at MOIs of 
0, 0.1, 1 or 10 viral particles per cell. Ten days post‑infection, the cells and 
media were harvested and the number of infectious particles was determined 
by titering on 293 cells. Representative results are shown.
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of replication‑selective adenoviruses, they have been engineered to 
deliver therapeutic transgenes.25 In most cases, such “armed” onco-
lytic adenoviruses have been designed to carry therapeutic genes, 
such as the suicide genes cytosine deaminase and herpes simplex 
virus thymidine kinase,26‑28 that will augment the virus‑mediated 
eradication of the infected tumor cells. However, rather than arm 
a replicating adenovirus with a protein which would merely act by 
killing the infected cancer cells, we hypothesized that it would be 
rational to arm the replicating adenovirus with a secreted protein 
with a distinct mechanism of action within the microenvironment 
of the cancer cells.

To this end, we propose to enhance the efficacy of a replicating 
adenovirus by arming it with TIMP‑2. TIMP‑2 possesses a number 

of attractive features that favor its use in this therapeutic strategy. 
It is a relatively small (21 kDa) unglycosylated protein that is natu-
rally secreted in a soluble form.8 It has been recognized for some 
time that TIMP‑2 binds in a 1:1 stoichiometric ratio to the active 
forms of a number of MMPs, including MT1‑MMP, MMP‑2 and 
MMP‑9, thereby specifically inhibiting the MMP activity associated 
with tumor growth and angiogenesis.29 Indeed, in recent studies 
MT‑MMPs have been shown to be the key mediators of angiogen-
esis30,31 providing the rationale for the overexpression of TIMP‑2 
to directly block tumor cell growth locally. A distinct advantage of 
TIMP‑2 over other TIMPs is that it has recently been shown to 
inhibit tumor growth and angiogenesis by a variety of novel mecha-
nisms independent of MMP‑inhibition.11‑13 TIMP‑2 is unique 
among the members of the TIMP family or synthetic MMP inhibi-
tors in being able to directly inhibit the proliferation of endothelial 
cells in response to angiogenic stimuli such as fibroblast growth 
factor 2 or vascular endothelial growth factor A.11,14 Seo et al. have 
shown that the growth‑inhibitory activity of TIMP‑2 for human 
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Figure 3. Expression of TIMP‑2 does not inhibit the oncolytic potency of 
the replicating adenovirus. Monolayers of MDA‑MB‑231, SKOV3.ip1 and 
LNCaP cells were coinfected with Adwt300, at an MOI of 1 viral particle 
per cell, and Ad‑TIMP‑2 at MOIs of 0, 0.1, 1 and 10 viral particles per cell. 
(A) Ten days post‑infection, the cytopathic effect was monitored by staining 
proteins in the viable cells with crystal violet. (B) Ten days post‑infection, a 
cell proliferation assay was performed to count viable cells. Representative 
results with MDA‑MB‑231 cells are shown.

Figure 4. A replicating adenovirus expresses a greater level of TIMP‑2 than 
a replication‑defective adenoviral vector. Monolayers of MDA‑MB‑231, 
SKOV3.ip1 and LNCaP cells in 6‑well plates were coinfected with Adwt300 
at an MOI of 1 viral particle per cell and Ad‑TIMP‑2 at MOIs of 1 and 10 
viral particles per cell. As a control, cells were infected with Ad‑TIMP‑2 alone 
at MOIs of 1 and 10 viral particles per cell. (A) Expression and secretion 
of TIMP‑2 were assayed by harvesting the culture medium at 3, 6, 9 and 
12 days post‑infection and subjecting it to immunoblot analysis using an 
anti‑TIMP‑2 monoclonal antibody. (B) The levels of TIMP‑2 in the culture medi‑
um of MDA‑MB‑231 cells at various time‑points post‑infection were quantified 
in an ELISA (Fig. 4b). Hence, a greater level of TIMP‑2 was expressed by a 
replicating adenovirus than by a replication‑defective adenoviral vector.
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microvascular endothelial cells is mediated through binding to a3b1 
integrin and induction of protein tyrosine phosphatase activity.11 
Oh et al. have recently demonstrated that TIMP‑2 inhibits endo-
thelial cell migration through an indirect MMP‑inhibitor effect that 
requires transcription, synthesis, and cell surface localization of the 
RECK gene product.13 Furthermore, Feldman et al. have reported 
that upregulation of mitogen‑activated protein kinase phosphatase 
1 in tumors overexpressing TIMP‑2 results in dephosphorylation of 
p38 mitogen‑activated protein kinase, leading to inhibition of tumor 
growth and angiogenesis.12 Thus, there is a clear rationale for a thera-
peutic strategy exploiting the localized overexpression of TIMP‑2 in 
the tumor microenvironment.

We hypothesized that the replicating adenovirus would kill cancer 
cells directly from within by oncolysis, while secretion of TIMP‑2 
by the infected cells would complement this therapeutic effect by 
restricting tumor growth and angiogenesis via both MMP‑dependent 
and ‑independent mechanisms. In the proof‑of‑concept study 
described in this manuscript, we employed a two‑component model 
system to investigate this hypothesis. In this regard, coinfection 
of cells with a wild‑type adenovirus and a replication‑defective 
E1‑deleted adenoviral vector expressing TIMP‑2 allows replication 
of the vector as a result of trans‑complementation by the E1 proteins 
expressed by the wild‑type virus.

For such a dual‑action, armed replicating adenovirus to be of 
utility, it is important that the expression of TIMP‑2 should not 
impair its oncolytic potency. Accordingly, we demonstrated that 
the oncolytic potency of a replicating adenovirus in MMP‑2‑ and 
MMP‑9‑positive MDA‑MB‑231 human breast cancer cells was not 
inhibited by expression of TIMP‑2. Moreover, we showed that a 
greater level of TIMP‑2 was expressed by a replicating adenovirus 
than by a replication‑defective adenoviral vector. Having performed 
in vitro studies to establish these two key indicators of efficacy, we 
evaluated the expression of TIMP‑2 by a replicating adenovirus in 
the treatment of solid tumors in vivo. Expression of TIMP‑2 by the 
replicating adenovirus was shown both to enhance the inhibition of 
tumor growth and to reduce angiogenesis in vivo. We have therefore 
shown that the therapeutic efficacy of a replicating adenovirus can be 

enhanced by expression of TIMP‑2.
TIMP‑2 plays a central role in many physiological processes 

by limiting MMP activity and through other non-MMP inhibi-
tory functions.8 As such it will be important to limit TIMP‑2 
transgene expression locally within the tumor. Now that we have 
proof‑of‑concept for usage of TIMP‑2 in the oncolytic virus setting, 
we can develop a single‑agent armed replicating adenovirus using 
both transcriptional and transductional targeting approaches to limit 

Figure 5. Growth kinetics of subcutaneous MDA‑MB‑231 tumors in athymic 
nude mice. Tumor nodules were injected with 50 ml PBS or with a single dose 
of the following virus treatments in 50 ml PBS: 106 particles of Adwt300 
alone; 106 particles of Adwt300 plus 106 particles of Ad‑TIMP‑2; 106 par‑
ticles of Ad‑TIMP‑2 alone; 106 particles of Adwt300 plus 106 particles of 
AdLacZ. Data points represent the mean ± SE of the tumor size in each group 
at the indicated time points (n = 8).

Figure 6. Immunohistochemical staining of blood vessels in MDA‑MB‑231 
tumors. Tumors were excised from athymic nude mice 28 days after treat‑
ment. Tumor sections were subjected to immunohistochemistry using a rat 
anti‑mouse CD31 monoclonal antibody as the primary antibody, followed 
by a biotin‑conjugated goat anti‑rat Ig‑specific polyclonal antibody and then 
an avidin: biotinylated HRP complex with an HRP‑conjugated goat anti‑rabbit 
secondary antibody. DAB was employed as the chromogenic substrate.  
(A) Number of blood vessels per microcopic field. Data represent the mean 
± SE of number of blood vessels in tumor sections from three mice per group. 
(B) Representative tumor sections in which the endothelia of blood vessels are 
stained brown.
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transgene expression to the tumor without compromising efficacy.
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